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Introduction
The basic difference between crude oils is the relative amounts of hydrocarbons classes present in it, which influences their physical chemical properties. 1 Heavy oils are crude oils with large amount of asphaltenes and resins. 2 These heavy molecules interact, being the principal responsible for the heavy and viscous character of this type of oil, a problem for the industry. 3 An important property tested in the production step is pour point. Pour point is defined as the lowest temperature at which the oil does not flow under gravitational action. 4 Paraffins interfere directly in this property, but this class is not significant in heavy oils as asphaltenes and resins. Paraffins make the oil flow stop at highest temperatures when compared with oils with higher concentration of aromatic hydrocarbons. 5 Pour point is used to define pipeline transfer conditions, allows process dimensioning and pumping calculations, and in preventive actions and process improvement, which facilitates oil flowing and reduces the incidence of incrustation due to paraffins and asphaltenes precipitation. 6 A good option to prevent incrustations without the formation of stable water-oil emulsion, a common side effect in recovery methods, is the dilution of heavy oils with organic solvents. 7, 8 The dilution method is especially applicable if cheap and large amounts of lighter hydrocarbons are available. 9, 10 In Brazil, much of the gas produced in oil fields is burned in the own production field.
Gas condensate, also called natural gasoline, is composed mostly of pentane, hexane, heptane and other compounds of saturated branched and cyclic saturated chain.
11 So, it is important to highlight that the addition of light paraffins (pentane, hexane, heptane), such as gas condensate, to these oils, could lead to asphaltenes precipitation, which may cause problems during oil production. 12 Therefore, the aim of this study was to improve the pour point of heavy oils with the addition of organic solvents as gas condensate, kerosene, turpentine and toluene, without precipitation of compounds.
Materials and Methods

Sample Preparation
Three heavy crude oil samples (named A, B, and C) were selected from production fields located in the Brazilian coast. The physicochemical properties of the oils and of the organic solvents: kerosene, turpentine, toluene and gas condensate (named I, II, III and IV, respectively) were determined ( Table  1 ). The samples were prepared and handled in according to the ASTM D5854. 13 For oil treatment, the free water (non-emulsified water) was previously separated from the crude by gravitational settling, and the water content was determined in the water-in-oil emulsions according to ASTM D4377 using a Metrohm KF titrator (model 836 Titrando) equipped with a double-platinum electrode.
14 Oils with water content over 1% (v/v) were dehydrated by using 200 µL of a concentrated commercial demulsifier (composed of surfactants containing isoprene and glycol propylene oligomer species) at 60 °C and centrifuged at 1600 rpm for 15 minutes. After demulsification, the water content was determined to verify if it was below 1.0% (v/v) for all oils. The characterization properties were then determined (Table 1) for the dehydrated crude oils, according to each standard ASTM methods.
Experimental techniques applied for crude oils and solvents characterization
Density was determined in compliance with ISO 12185 by injecting the sample into the digital automatic analyzer Stabinger SVM 3000 (Anton Paar).
15 API gravity was also reported according to ASTM D1250. 16 Total acid number (TAN) was determined in compliance with the ASTM D664 by potentiometric titration (Metrohm 836 automatic titrator) of the sample, using an alcoholic solution of KOH. 17 Maximum and minimum pour point (PPmax e PPmin) determined according to ASTM 5853 for the oils and by ASTM D97 for the solvents, by the use of a semi-automatic equipment (CAPPVPetrotest). 4, 18 Total sulfur content was analyzed according to ASTM D4294 using the automatic analyzer HORIBA, model SFLA-2800. 19 Elemental analysis for the oils was determined by a LECO CHN-1000 analyzer. SARA (saturates, aromatic, resins and asphaltenes) content was obtained by chromatographic analysis following the ASTM D2549 standard. 20 The chromatographic profile of the gas condensate (Table 2, Figure  1 ) was determined by chromatography using a GC-MS 5050 Shimadzu. 
Pour Point Determination
The ASTM D5853 is specific for determining maximum (upper) and minimum (lower) pour points of crude oils. After preliminary heating, the oil samples are cooled and examined at intervals of 3 °C for checking the flow characteristics. Therefore, the lowest temperature at which movement of the sample is observed is reported as its pour point. The maximum and minimum pour point temperatures provide a temperature window, where a crude oil, depending upon its thermal history, might appear as liquid or solid states. The accuracy for pour point determination of this method follows the repeatability criteria of 3 °C for the maximum pour point and 6 °C for the minimum pour point, with 95% confidence of result acceptability.
To determine the maximum pour point, the sample was kept resting in a test jar for 24 h at room temperature to reach the equilibrium between the dissolved wax and the crystallized wax, to enhance gelation of wax crystals and solidification. Before starting the test, the resting state must be broken with a gentle stirring of the sample. The minimum pour point was measured after submitting the sample to a 105 °C heating in a pressure vessel for 30 minutes, to delay gelation of wax crystals and solidification.
The differential treatment under which the sample was submitted for determining the maximum pour point leads to an increase in the wax gelation and crystallization, favoring a faster solidification of the sample. On the other hand, the different treatment performed to determine the minimum pour point allows the delay of wax crystallization, which results in slower solidification of the sample.
Samples preparation (Crude oil with solvents)
The oil samples prepared for this study consisted on crude oil with the addition of different concentrations of organic solvents (kerosene, turpentine, toluene and gas condensate). Previously, the crude oil sample was homogeneized for 3 minutes. Then, aliquots of the crude oils were separated into flasks and each of the flasks received different volumes of the solvent in order to obtain a mixture, with solvent concentration ranging from 0 to 32.6% (v/v). After the solvent addition, the mixture was submitted to a mechanical stirring with rotation of 7500 rpm, by using a Turrax (model IKA T25). These mixtures were submitted to density and maximum and minimum pour points analysis.
Results and Discussion
The results (Figure 2) show that all solvents were effective in reducing the pour point of the oils when compared to the pour point values of the oils without the addition of solvents. The higher the volume of added solvent, varying the concentration of the solvents (I -IV) from 0 to 32%(v/v), the higher was the pour point reduction. During the tests it was not visually observed any kind of precipitation that could be related to paraffins and asphaltenes. (Figure 2) showed a different behavior between the results of minimum and maximum pour point with the solvents addition, which corresponds, respectively, to the top surface (reddish tones) and lower surface (blue tones). While for oils B and C this behavior was not observed and the maximum and minimum pour point surfaces are overlapped.
Oil B is noteworthy for presenting an initial pour point (without solvent addition) corresponding to -27 °C, and its variation in the pour point of the mixture with the solvents was small in comparison with oils A and C (Table 3 ). This behavior is clear visible on Figure 2 . It is important to highlight that according to ASTM D5853, test is discontinued when the sample remains fluid to -36 °C and the pour point is reported as less than -36 °C. Whereas the pour point is the lowest temperature that oil stops flowing, below -36 it is desirable for flow assurance.
Comparing the solvents influence over the oils maximum and minimum pour points reduction (Table 3) , it was calculated the axi u a d i i u va iatio Δ max and Δ min ) of the pour points of the oil/solvent mixtures. Results show that oil C, with less API gravity (13.7) and a highest resin (32.01 wt%) and asphaltenes (7.10 wt%) content, showed the highest variation in the value of minimum and maximum pour point with all solvents. Oils A and B showed different behavior for each solvent added. Oil B, which presented a low pour point without the addition of solvents, presented the smallest variation in the values of maximum and minimum pour point in the mixtures with all solvents. This behavior may be associated with the high content of aromatics (31.10 wt%) in its composition. Oil A, the one with the highest API gravity (21.6) and the highest saturates content (57.20 wt%), showed a larger variation of the maximum pour point with solvent II (turpentine) and IV (gas condensate) and presented the same value of minimum pour point variation. This was obtained because the two solvents were very effective in reducing the pour point until reaching the minimum value measured by method. (Figure 3) shows that the four solvents were effective in reducing the pour point of oils A and C, but solvent II (turpentine) and IV (gas condensate) are noteworthy for presenting the largest variance in the pour points reductions. This behavior was not observed in oil B, which presented similar mean variance for maximum and minimum pour point in the mixtures. The subtle change in oil B pour point was observed due to the low pour point of the oil even before the solvents addition. Thus, with small quantities of the four solvents, it was possible to lower the pour point of the oils until the technique limit (-36 °C). The mean variance analysis, with a 95% confidence interval, of the density (Figure 4 ) of the oil/solvents mixtures was also evaluated. The results show that the mean variance of the densities was more pronounced by the addition of gas condensate (IV) with a density reduction for all oils. 
Conclusion
It may be concluded that the four organic solvents chosen were efficient to reduce the pour point of the oils and, consequently, to improve the heavy oils flow. For concentrations until 32.6% (v/v) no kind of deposits were observed, what could indicates instability in the mixture and precipitation of asphaltenes. Oil C, the one with the highest density (lowest API gravity), highest asphaltenes and resins content, and lowest content of saturated in its composition, had the highest reduction in maximum and minimum pour point with all solvents, with the highest mean variance for gas condensate and turpentine.
Oil A, with the lowest density (highest API gravity), lowest asphaltenes and resins content, and highest saturates content in its composition, showed a good reduction in maximum pour point with turpentine and gas condensate. It could be observed that oils with higher pour point is indicative of high content of asphaltenes and resins, and in the presence of saturated or aromatic organic solvents, the maximum and minimum pour point presented a significantly reduction. It was also verified that the very low pour point of the oils can be related to the presence of high aromatic hydrocarbons content, and when adding organic solvents to these oils, it was observed a little decrease of the maximum and minimum pour point.
